Medium-Energy Proton-Nucleus Elastic Scattering in the Impulse Approximation by Schwandt, P. et al.
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Following KNT'), the central (C) and spin-orbit One-nucleon exchange is an important component 
(LS) parts of the first-order optical potential for of the proton-nucleus interaction at low and medium 
proton-nucleus scattering in the impulse approximation energies. In its general form the fully antisymmetri- 
( IA)  are calculated as the convolution of nuclear zed 2-nucleon t-matrix is a sum of direct (D) and 
S + +  + formfactors pi(q) = pi(r)exp(-iqer) dr with two- exchange (E) parts: D T+S+1 E 
nucleon transition matrices t (q) where i = p,n and tTs (%PI = t (q) + (-1) t T ~  (P) TS ( 3 )  pi 
q is the momentum transfer; pi(r) is the nuclear den- 
sity distribution normalized to \pp(r)df = Z, 
pn(r)dz = N. 
For a spin-zero nucleus (spin-saturated shells) 
this prescription defines the potential in configura- 
tion space explicitly as 
where n : E ~ / E ~ * E ~  arises from relating the 2-body 
t-matrix in the nucleon-nucleon (NN) barycentric sys- 
tem (E) to the corresponding quantity in the nucleon- 
nucleus barycentric system @); here E is the total 
energy of each interacting nucleon in cm and E 1' E2 
where q = 12 - 2' I and p = lz + 2' I. This off-shell 
t-matrix leads to a non-local potential. To obtain 
the local potential of eq. (I), we use a common approx- 
imation technique2) to incorporate the effect of ex- 
E 
change which consists of evaluating t (p) at p = kCM 
in the overlap integral (effectively ignoring the 
bound-nucleon momentum variable in the Fourier trans- 
form of t). 
In configuration space the transition operator 
in each 2-body channel TS is generally expressed as an 
expansion in terms of Yukawa radial formfactors with 
various ranges Ri. In momentum space this yields 
the expansion 
. . the nucleon total energies in E, and kc,, kc, are 
where 
the corresponding momenta. 
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particle spin-orbit transition matrices averaged in and the Vi are complex effective interaction strengths. 
spin and isospin over the A target nucleons, i.e., in Two parametrizations of this t-matrix expansion 
terms of the 2-nucleon channel spin S, isospin T were considered in the present analysis: one due to 
elements tTS: Love3), the other due to Picklesimer and walker4) 
C 1 c 
< t  > = -  I (tC + 3 t C  ), <tC > = - ( t  + 3tC+ tfO+ (P+W). The former had been constructed by adjusting the 
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3 9  (2) 12 complex strengths V C(LS) 1,TS ' Vgf;,) of the short- 
) range components (R1 = 0.25 fm, R2 = 0.40 fm) to repro- 
PP 11 ~n 11 
duce the 140 MeV NN phase shift solution of McGregor, 
Aradt and Wright5), with the 4 central, long-range 
C p a r t s  V3,TS f o r  R3 = 1.414 fm taken a s  r e a l  and 
f ixed a t  t h e  appropr ia te  OPEP values ,  f o r  a  t o t a l  of 
28 t-matrix parameters. I n  t he  P+W parametrizat ion 
both ranges Ri and s t r eng ths  Vi f o r  each spin-, iso-  
spin-component were f r e e  parameters, ad jus ted  t o  pro- 
duce a s a t i s f a c t o r y  o v e r a l l  f i t  t o  t he  50-400 MeV NN 
d i f f e r e n t i a l  c ross  s e c t i o n  and po la r i za t ion  da t a  
d i r e c t l y ,  f o r  a  t o t a l  of 21 c e n t r a l  and LS terms. 
One important d i s t i n c t i o n  between these  two construc- 
t i o n s  of t he  NN t r a n s i t i o n  opera tor  is  t h a t  the  P+W 
parametrizat ion emphasized the  large-q range i n  f i t t i n g  
nucleon-nucleon da ta ,  while i n  t he  ca l cu l a t i on  of  t h e  
o p t i c a l  p o t e n t i a l  f o r  a  l a r g e  nucleus t he  low-q 
behaviour of t he  t-matrix dominates t he  fo ld ing  in t e -  
g r a l  (1). 
The dependence of t he  o p t i c a l  p o t e n t i a l  on the  
proton and neutron d e n s i t i e s  is c l e a r l y  exhib i ted  i n  
(1) .  For t h e  present  i n i t i a l  s tudy of t he  app l i cab i l -  
i t y  of t he  I A  t o  pro ton-e las t ic  s c a t t e r i n g  a t  100-200 
MeV from 4 0 ~ a ,  and 2 0 8 ~ b  we have used the  b e s t  
ava i l ab l e  phenomenological dens i t i e s .  Calcula t ions  
with microscopic (e. g. Hartree-Fock) d e n s i t i e s  a r e  i n  
progress.  The phenomenological dens i ty  d i s t r i b u t i o n s  
used here  a r e  parametrized a s  
1+ w ~ ~ ~ / R ~ ~  2 
pi(r) = P + Ci exp [-r2/bi] 
0i 1 + exp [ (rk-~lc) / a t ]  
where i = p,n and R = r o ~ l l 3 .  The parameters f o r  t he  
n u c l e i  s t ud i ed  he re  a r e  displayed i n  Table 1. They 
were determined i n  r ecen t  IA analyses of proton e l a s t i c  
s c a t t e r i n g  da t a  (c ross  s e c t i o n  and po la r i za t ion )  a t  
0.8 GeV6) ('Ozr, 2 0 8 ~ b )  and 1.0 G~v ' )  ( 4 0 ~ a )  using a 
spin-dependent NN s c a t t e r i n g  amplitude. For proton 
s c a t t e r i n g  by medium and heavy n u c l e i  a t  these  energies  
t he  higher-order co r r ec t ions  t o  t h e  f i r s t -o rde r  o p t i c a l  
p o t e n t i a l  a r e  expected t o  be s u f f i c i e n t l y  small  t o  
permit r e l i a b l e  e x t r a c t i o n  of nuclear  mat ter  d i s t r i -  
but ions ,  sub jec t  only t o  unce r t a in t i e s  i n  t h e  NN 
amplitude parametrizat ion.  
Table 1 
With the  nucleon d e n s i t i e s  and t-matrices parametrized 
a s  described,  t he  convolution i n t e g r a l s  (1) were evalu- 
a t ed .  The r e s u l t i n g  complex o p t i c a l  p o t e n t i a l s  were 
then used i n  a r e l a t i v i s t i c a l l y  modified SchrBdinger 
equation8) t o  c a l c u l a t e  angular  d i s t r i b u t i o n s  of e l a s -  
t i c  s c a t t e r i n g  observables f o r  comparison wi th  t h e  
40 
r ecen t  IUCF data9)  on Ca, 'Ozr, and 2 0 8 ~ b  a t  proton 
energies  of about 121-135, 160, and 180 MeV. 
Some t y p i c a l  r e s u l t s  from t h e  e a r l y  s t a g e s  of t h e  
ongoing study a r e  presented here.  Fig. 1 i l l u s t r a t e s  
t he  c h a r a c t e r i s t i c  q-dependence of t h e  r e a l  t -matrix 
components Re < t '>, Re< t LS> (here  f o r  t he  Love p i  p i  
parametr iza t ion  a t  182 MeV; a weak dependence on proton 
energy a r i s e s  through k i n  t he  exchange approximation) 
i n  r e l a t i o n  t o  t h e  nucleon formfactor f o r  a  heavy 
nucleus (here p (q) f o r  2 0 8 ~ b ) ;  c l e a r l y  only t he  low-q 
P 
range (q 5 2 fm-l) cont r ibutes  s i g n i f i c a n t l y  t o  t h e  
convolution i n t e g r a l ,  a s  was pointed out  e a r l i e r .  
20 8 
Again f o r  p + Pb a t  182 MeV, i n  f i g .  2 compari- 
son is  made between t h e  I A  r e s u l t s  f o r  t he  o p t i c a l  
p o t e n t i a l s  and the  phenomenological p o t e n t i a l s  (OM) 
of r e f .  9, wi th  t h e  obvious no ta t i on  U,.(r) = V(r) + 
iW(r), Uso(r) = Vso(r) + ikTso(r). Both the  Love and 
P+W formulat ions of t he  t-matrix a r e  presented here .  
A number of i n t e r e s t i n g  observations can be  made: 
(1) t h e  I A  r e s u l t s  f o r  t h e  Love and P+W t-matrices 
a r e  i n  good agreement wi th  each o the r  except  f o r  t he  
r e a l  c e n t r a l  term V(r) which is considerably weaker and 
has  a somewhat smal ler  r m s  r ad ius  i n  t h e  P+W case. 
This may i n  p a r t  be due t o  our approximation made i n  
t h e  exchange term. A look a t  t he  con t r ibu t ions  t o  ReJc 
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( t h e  volume i n t e g r a l  per  nucleon of V(r ) ,  eq . (6) )  by 
the  indiv idual  sp in ,  i so sp in  components of t i n  t a b l e  2 
reveals  t h a t  f o r  t h e  common choice p=k f o r  t he  exchange 
momentum va r i ab l e  t he  a t t r a c t i v e  even-parity components 
(TS=10,01) f o r  t he  P+W parametr iza t ion  is  smal ler  by 
roughly a f a c t o r  2 r e l a t i v e  t o  t he  Love r e s u l t s ,  and 
the  absence of t he  a t t r a c t i v e  t r ip le t -odd (11) compon- 
e n t  i n  t he  P+W fo rce  f u r t h e r  reduces its t o t a l  
a t t r a c t i o n .  We a l s o  f i nd  the  a t t r a c t i v e  even-parity 
cont r ibut ions  t o  ReJc t o  be r e l a t i v e l y  more s e n s i t i v e  
t o  the  choice of p f o r  t h e  P+W parametr iza t ion  of  t he  
t-matrix than f o r  t he  Love formulation. 
Table 2 
2 
(2) The imaginary c e n t r a l  s t r eng th  W(r) obtained 
i n  t he  IA is  f a r  l a r g e r  i n  t he  nuclear  i n t e r i o r  than 
the  phenomenologicall. OM r e s u l t .  A much smal ler  devia- 
t i o n  i n  t he  same d i r e c t i o n  is a l s o  observed f o r  t h e  
r e a l  c e n t r a l  p a r t  V(r) .  For both V(r)  and W(r) good 
agreement is  found between I A  and OM i n  t h e  low-density 
su r f ace  region of t h e  nucleus. 
(3)  For t h e  r e a l  sp in-orbi t  term Vso ( r )  exce l l en t  
agreement i n  both r a d i a l  shape and s t r eng th  is  found 
f o r  IA and OM r e s u l t s  ( t he  d i f f e r ences  i n  shape f o r  
r < 3 fm a r e  l a r g e l y  unobservable and hence i r r e l e v a n t  
s ince  t he  s i g n i f i c a n t  su r f ace  p a r t i a l  waves a r e  ex- 
cluded from t h a t  r a d i a l  region by the  angular  momentum 
b a r r i e r  and absorption) . 
(4) The IA r e s u l t  f o r  t h e  imaginary sp in-orbi t  






Tota l  
smal ler  than the  OM r e s u l t .  
The problem with V(r) f o r  t he  P+W r e s u l t ,  and the  
d iscrepancies  between OM and I A  f o r  t h e  imaginary 
ReJc (MeV - fm') 
Love P+W 
-102 -5 0 
-15 2 -90 
+8 8 +73 
-40 0 
-206 -6 7 
c e n t r a l  and sp in-orbi t  s t r eng ths  common t o  both t- 
matr ix  parametr iza t ions ,  a r e  r e f l e c t e d  i n  varying 
degrees i n  t he  ca l cu l a t ed  d i f f e r e n t i a l  c ross  s ec t ions .  
Surpr is ingly ,  the  l a r g e  d i f f e r ence  i n  W(r) i n  t he  nu- 
c l e a r  i n t e r i o r  appears t o  have l e s s  s e r ious  consequences 
on the  cross  s ec t ion  than an t i c ipa t ed .  I n  f i g s .  3 and 
4 t h e  I A  r e s u l t s  a r e  compared t o  t h e  experimental  c ross  
s ec t ions  f o r  'OZr a t  135 MeV and '08pb a t  182 MeV, 
respect ive ly .  The s o l i d  curve i n  each case r ep re sen t s  
t he  d i r e c t  r e s u l t  f o r  t h e  Love t-matrix; t h e  dashed 
curves i l l u s t r a t e  t he  improvement i n  f i t  t o  t he  da t a  
achieved by a renormalizat ion of t h e  imaginary c e n t r a l  
and sp in-orbi t  s t r eng ths  W, Wso by t he  f a c t o r s  indica ted .  
The unrenormalized I A  p o t e n t i a l s  c l e a r l y  provide a 
s a t i s f a c t o r y  desc r ip t ion  of t h e  s c a t t e r i n g  f o r  momentum 
t r a n s f e r s  q f 2ksin(8/2) up t o  q - 3.5 fm-l. A t  
l a r g e r  s c a t t e r i n g  angles  t he  magnitudes and angular  
pos i t i ons  of t he  d a t a  o s c i l l a t i o n s  a r e  no t  we l l  re -  
produced. A simple renormalizat ion of t h e  s t r eng ths  
does not  cure t h i s  p a r t i c u l a r  problem bu t  provides a 
-1 
s i g n i f i c a n t  improvement i n  t h e  f i t  f o r  q 5 3 fm , a s  
expected, s ince  t h e  renormalizat ion b r ings  t h e  IA 
p o t e n t i a l s  i n t o  c l o s e r  agreement wi th  t he  OM p o t e n t i a l s  
f o r  r ? RlI2 ( t he  ha l f -dens i ty  r ad ius ) .  
Table 3 provides a r ep re sen ta t i ve  comparison of 
t he  p o t e n t i a l  volume i n t e g r a l s  
( i n  M~v-fm3) and the  corresponding r m s  r a d i i  ( i n  fm) 
between IA and OM f o r  t he  two cases i l l u s t r a t e d ,  " ~ r  
a t  135 MeV and 2 0 8 ~ b  a t  182 MeV ( the  IA r e s u l t s  a r e  
f o r  t he  Love t-matrix without  renormal iza t ion) .  
Re Jc 
I m  Jc 
Re Jso 
I m  Jso 
Table 3 
135 MeV / p + '08pb, 
For both cases,  t he  rms r a d i i  f o r  t he  c e n t r a l  p o t e n t i a l s  
(3) t h e  use of a density-dependent 2-body i n t e r -  
ac t ion .  The present  I A  formulat ion does not  take  
account of t h e  Pau l i  p r i n c i p l e  i n  t h e  c e n t r a l ,  high- 
dens i ty  region of t h e  t a r g e t  nucleus. 
(4) explora t ion  of t h e  s e n s i t i v i t y  of t he  IA re- 
s u l t s  t o  a l t e r n a t i v e  (e.g.,  microscopic) nuclear  den- 
s i t y  d i s t r i b u t i o n s .  
(5) comparison of t h e  IA predic t ions  of polar iza-  
t i o n  t o  experimental  da t a  a s  r e l i a b l e  po la r i za t ion  
da t a  become ava i l ab l e  a t  proton energies  above 100 MeV. 
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